In this study, nickel nanoparticles were synthesized in ethanol using portable pulsed wire evaporation, which is a one-step physical method. From transmission electron microscopy images, it was found that the Ni nanoparticles exhibited a spherical shape with an average diameter of 7.3 nm. To prevent aggregation of the nickel nanoparticles, a polymer surfactant was added into the ethanol before the synthesis of nickel nanoparticles, and adsorbed on the freshly synthesized nickel nanoparticles during the wire explosion. The dispersion stability of the prepared nickel nanofluids was investigated by zeta-potential analyzer and Turbiscan optical analyzer. As a result, the optimum concentration of polymer surfactant to be added was suggested for the maximized dispersion stability of the nickel nanofluids.
Introduction
Nanofluid, which is a suspension consisting of nanophase powders and a base liquid, has drawn very strong interest from scientific and industrial communities because of its unique catalytic, electric, magnetic, optical, and thermal properties. Nanofluids have been used in many applications such as automotive, electronic device, medical and heat transfer fluid [1] [2] [3] [4] [5] . In particular, nickel (Ni) nanofluids have attracted attention in optical filters, conductive ink, and magnetic fluids because of their good magnetostriction, high electrical conductivity, and high Curie temperature [6, 7] .
There are two methods used to prepare the nanofluid: a two-step process and a one-step process. In a typical two-step process, nanoparticles are first produced as a dry powder by physical or chemical methods, and then the prepared powders are dispersed in a fluid. In a typical one-step process, the synthesis and dispersion of nanoparticles into the fluid takes place simultaneously. Compared to the two-step process, the one-step process has many advantages such as smaller particle size, less contamination of the particle surface, and process simplicity [8, 9] . A promising one-step approach is pulsed wire evaporation (PWE), which is one of the physical methods. The PWE method is favorable to high purity of the nanoparticles, mass production, and cost-effectiveness [8, [10] [11] [12] .
However, it is difficult to prepare the nanoparticles with long-term dispersion stability in liquid media, since the nanoparticles are easily aggregated due to high surface energy with less surface charge. Therefore, dispersing the nanoparticles uniformly and suspending them stably for a long time are critical for producing nanofluids with high quality and reliability. The key to producing an extremely stable nanofluid is to disperse the nanoparticles before the aggregation of each nanoparticle, using the proper surface treatment.
In this work, an ethanol-based Ni nanofluid was prepared using a portable PWE system. The mean size and particle size distribution (PSD) of the Ni nanoparticles were investigated by transmission electron microscopy (TEM) using image analysis software. A polymer surfactant was adsorbed on the freshly synthesized Ni nanoparticles during wire explosion to improve the dispersion stability of the Ni nanofluids. The dispersion behaviors of the Ni nanofluids as a function of surfactant concentration were observed by zeta potential analyzer and Turbiscan optical analyzer. Figure 1 shows the schematic diagram of the portable PWE apparatus in liquid media, which consisted of a pulsed power generator, reaction chamber and wire feeding system. The principle of operation is as follows. The current pulse is driven through a thin metallic wire. Then the current pulse heats the wire and it evaporates. The high-temperature vapors are cooled by interaction with a surrounding solution (deionized water, ethylene glycol, ethanol, hexane etc) and the solution containing nanoparticles is finally obtained.
Experimental
In order to synthesize Ni nanofluids, Ni wire (>99.9%) with the diameter of 0.2 mm was used in the present work. The length of Ni wire feeding into the reaction chamber was 24 mm per explosion and the applied voltage was 320 V. The Ni nanoparticles were synthesized by repeating the wire-explosion 100 times. The detailed experimental conditions can be found in the previous work [13] . Commercially available surfactant, Hypermer KD2 (product of Croda Inc.) was used to improve the dispersion stability of the Ni nanofluids. KD2 was dissolved in ethanol with a concentration of 0 to 2.0 wt.%. The particle shape and size of the synthesized Ni nanoparticles were investigated by TEM (JEOL 6300, Japan) and Matrox Inspector software (Matrox Electronic Systems Ltd., Canada). The change in zeta (ζ) potential of the Ni nanofluids as a function of KD2 concentration was investigated by a zeta potential analyzer (Brookhaven Instruments Co., BIC-90 PLUS, USA) using the Smoluchowski relationship. In addition, the dispersion stability of the Ni nanofluids was evaluated with time using a Turbiscan R optical analyzer (Formulaction Co., France). Fig. 2(a) shows the TEM images of Ni nanoparticles synthesized by wire explosion in ethanol. It was observed that the Ni nanoparticles were all of spherical shape with a size smaller than 20 nm. For the detailed analysis of PSD, the TEM images were analyzed using image analysis software, and the resulting PSD of the Ni nanoparticles was shown in Fig. 2(b) . It was found from Fig. 2(b) that the sizes of the Ni nanoparticles were distributed from 3.5 nm to 18.5 nm with an average diameter of 7.3 nm. When liquid media is used as a coolant, the size of the nanoparticles is greatly reduced due to more rapid condensation of the metal vapor, comparing to the case that gas is used as a coolant. Fig. 3 exhibits the experimentally measured zeta potential of the Ni nanofluids as a function of KD2 concentration. All the nanofluids showed a negative value of zeta potential. The zeta potential of the Ni nanofluid with no surfactant was determined to be -2.7 mV, indicating poor dispersion stability. As the KD2 concentration increased, the zeta potential increased in negative direction, which is attributable that the KD2 is a base material [14] . The zeta potential is an important indicative of ionically stabilized colloid systems. Greater magnitude (usually ±30 mV) of the zeta potential endows the colloid system with an improved stability against aggregation [15] . It was noticeable from Figure 3 that the zeta potential reached about -33.9 mV for the KD2 addition of 2.0 wt. %, indicating excellent dispersion stability of the Ni nanofluid. Next, in order to evaluate the long-term dispersion stability of the Ni nanofluids as a function of KD2 concentration, the migration behavior was observed by Turbiscan optical analyzer. The suspension in flat-bottomed cylindrical glass tubes was placed in the instrument, and then the backscattering and transmission signals from monochromatic light (λ = 880 nm) were periodically measured along the height of sample tube. The transmission detector receives the light going out of the sample at 0 from the incident beam, while the backscattering detector receives the light scattered by the sample at 135 from the incident beam. Then, the delta transmission (∆T) and delta backscattering (∆BS) signals were calculated as the differences between T or BS at 0 h and at a given time. Fig. 4 plots delta transmission, ∆T against sample height of 0 mm to 38 mm for the Ni nanofluids for three days with a change of KD2 concentration. It was found from Fig. 4(a) and (b) that for the case of Ni nanofluids with the KD2 addition smaller than 0.1 wt.%, the value of ∆T was significantly increased up to 70∼80%, due to the coalescence between the Ni nanoparticles, and considerable sedimentation phenomena was also observed at the bottom of the sample tubes. For the Ni nanofluids with the KD2 addition higher than 0.5 wt.%, the delta transmission ∆T was greatly reduced (smaller than 5 %) over the whole height of the sample tube, as shown in Fig. 4(c)-(f) . This suggests that the long-term dispersion stability of the Ni nanofluids is closely related to the zeta potential. The Ni nanofluid with higher absolute value of zeta potential shows more enhanced dispersion stability with time. It should be also emphasized from Figures 4(e) and (f) that the Ni nanofluids with the KD2 addition of 1.5 and 2.0 wt. % did not show sedimentation phenomena at the bottom of the sample tube. Fig. 5 plots the mean value of delta transmission, ∆T calculated between 5 mm and 35 mm of the sample tube against analysis time for three days. The Ni nanofluid with no surfactant exhibited the highest mean value of ∆T among the samples, and the mean value of ∆T dramatically increased up to 63.0% within 1 day and reached 67.2% three days after the dispersion, showing the worst dispersion stability. The mean value of ∆T for the Ni nanofluids with the KD2 addition of 0.1 wt. % considerably increased with time and that value reached 53.8% three days after the dispersion. On the other hand, the initial mean value of ∆T for the Ni nanofluids with the KD2 addition higher than 0.5 wt. % was very low and remained almost constant thereafter. The mean value of ∆T for the Ni nanofluids with the KD2 addition of 2.0 wt. % was only 3.8% three days after the dispersion. It is thus suggested that the addition of KD2 surfactant is highly effective in improving the long-term dispersion stability of Ni nanoparticles in ethanol. Since KD2 surfactant is a cation-type amine derivative with a relatively high molecular weight and many anchoring groups, the zeta potential value of the Ni nanofluids increases in negative direction with increasing KD2 concentration. Higher absolute value of zeta potential indicates greater repulsion between the Ni nanoparticles and therefore that the Ni nanoparticles remain dispersed for a long period of time. As a result, it is concluded that the long-term dispersion stability of colloidal suspension is closely related to the value of zeta potential. High zeta potential usually means more stable suspension, although this is only a rough correlation. As a working rule, it is considered that a zeta potential of at least 30 mV in absolute value is necessary for long-term dispersion stability [16] . In this work, the optimum concentration of KD2 surfactant to be added was determined to be 2.0 wt. % for the highest zeta potential and the maximized dispersion stability with time. However, the use of higher surfactant concentration can induce a loss of the dispersion stability due to micelle depletion flocculation [17, 18] , and also give detrimental effects on thermal property, viscosity, electrical conductivity, etc. Therefore, it is necessary to optimize the surfactant concentration to produce a nanofluid with high dispersion stability and good fluid performances. 
Results and discussion

Conclusions
In this study, a facile one-pot method was developed to synthesize ethanol-based Ni nanofluid with high dispersion stability. From the analysis of the TEM images, it was found that the sizes of the Ni nanoparticles synthesized by wire explosion in ethanol were distributed from 3.5 nm to 18.5 nm with a mean diameter of 7.3 nm. Comparing to the wire explosion in gas atmosphere, the wire explosion in liquid media is beneficial to decrease a particle size due to more rapid condensation of the metal vapor. The absolute value of zeta potential increased from 2.7 to 33.9 mV as the KD2 concentration increased from 0 to 2.0 wt. %. From the analyses of Turbiscan results, it was concluded that the Ni nanofluid with the KD2 addition of 2.0 wt. % exhibited the smallest mean value of ∆T (only 3.8% three days after the dispersion), indicating the highest long-term dispersion stability.
